We report on composition controlled MoS 2 and MoO x (x=2 and 3) compounds electrodeposited on Flourine dopped Tin Oxide (FTO) substrate. It was observed that the relative content has systematic electrical and optical changes for different thicknesses of layers ranging from ≈20 to 540 nm. Optical and electrical bandgaps reveals a tuneable behavior by controlling the relative content of compounds as well as a sharp transition from p to n-type of semiconductivity. Moreover, spin-orbit interaction of Mo 3d doublet enhances by reduction of MoO 3 content in thicker films. Our results convey path-way of applying such compounds in optoelectronics and nanoelectronics devices. * To whom correspondence should be addressed † Shahid Beheshti university ‡ Institute for materials and energy ¶ Sharif university of technology 1 keywords: Low dimensional dichalcogenide compounds, X-ray photoelectron spectroscopy, optical and electrical bandgap
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In the past decade, low dimensional binary compounds with general formula MX 2 , has attracted significant attention due to some unique properties of them. [1] [2] [3] [4] In these compounds M is usually a transition metal and X is a chalcogenide. Among them probably Molybdonium disulfide (MoS 2 ) is most well-known material. MX 2 compounds has potential applications in nanoelectronics, photoelectrochemistry, energy storage and etc. [5] [6] [7] [8] [9] [10] [11] [12] However, in a form of single MX 2 compound, bandgap can be tuned by back-gate control or by impurity doping, but it technically requires some additional preparation steps. 13 Hybrid configuration of MX 2 compounds can overcome to this drawback. By appropriate combination of these binary compounds a broad range of bandgaps can be obtained which are applicable in optoelectronics and spintronic devices.
Various techniques such as chemical vapor deposition 14 or mechanical (liquid phase) exfoliation have been employed for fabrication of transition metal dichalcogenide compounds, but there is few attempts to fabricate these materials by electrodeposition. [15] [16] [17] In order to exploit the electrical and optical properties of MoS 2 / MoO x (x=2 and 3) composition at first we refer to the properties of them independently. The bulk MoS 2 crystal has a trigonal prismatic structure with an inversion symmetry in the middle of the two MoS 2 monolayers. Unlike, the monolayer and odd number of layers in which the inversion symmetry is absent, the bilayer MoS 2 and even number of layers has inversion symmetry. In the monolayer structure, there is a relatively (compared to the other transition metals) strong spin-orbit splitting (SOS) in Mo 3d orbitals arisen from lack of inversion symmetry. The SOS in the bilayer MoS 2 mostly comes from inter-layer coupling. The strong SOS can lead to some important excitonic effects sas well as splitting in valence and conduction band. The SOS value reported in different references is around 150 meV.
MoO 2 is an unusual metal oxide which exhibits metal-like electrical conductivity (semimetal or a wide band gap n-type semiconductor in bulk). 18, 19 During last decade, optical and structural properties of this compound has been thoroughly investigated. MoO 2 is a mixed ionic electronic conductor 20 and its electrical resistivity is very controversial. Some reports indicate conductivity of MoO 2 at room temperature in a broad range from µ to m Ω.cm depending on crystallization. 21 Some news shows a slightly correlated metallic conduction. 20 SOS value of this material is less than that of MoS 2 at which is around 130 meV. The bulk MoO 2 crystal has a monoclinic structure.
Morphology and preparation method can affect its optical and electrical properties. This compound has mixed valence band similar to that in MoS 2 in which the orbitals in valence band are mixed and therefore can transport both of electron and hole. Technically this characteristic can be important in various applications.
Molybdenum trioxide, with an orthorhombic symmetry is intrinsically an n-type semiconductor with 3.2 eV band gap. It has been widely investigated due to its high work function. 22 MoO 3 is a transparent material that is capable to Li + and H + be intercalated. 23 These properties make it a promising candidate for photorechargable and photoelectrochemical applications. [24] [25] [26] The present paper explores the structural and optical properties of electrodeposited MoS 2 , MoO 2 and MoO 3 compounds made on transparent FTO substrate. However, according to Ref. 15 a transition metal substrate is required to act as catalyst to have MoS 2 , but in this research we show that it is possible to have a composition of these compounds on a transparent substrate of FTO. We provide a fabrication recipe to control each of these MoS 2 /MoO 2 /MoO 3 compounds and report on their interesting characteristics. A systematic growth of these compounds show transition from p to n semiconductivity with increasing thickness.
Results and discussion
We study electrodeposited MoS 2 /MoO 2 /MoO 3 compounds in different thicknesses by changing the deposition time on the FTO substrate. Our observations shows that the thick layers are black In order to understand the chemical composition and accuratly analysis of the observations, XPS (X-ray photoelectron spectroscopy) spectra of 30s and 10 min as-deposited samples (shown in Fig. 3 ) is acquired. The obtained XPS data from 0 to 1200 eV and convoluted to analyze the XPS peaks. Best fitted Gaussian curves were used to determine the peak positions presented in the obtained values for MoO 3 is slightly higher than the reported values. In the optoelectronics and material science one of the powerful and common characterization techniques of transparent materials is frequency dependence absorption measurement by UV-Vis spectroscopy. Fig.5a shows the UV-Vis spectrum for different deposition times and thicknesses. By probing from 300 to 1100 nm, interestingly we observed various anomalies and peaks. These anomalies can be attributed to interaband and interband transitions. All peaks have redshift for thinner layers. The region that 5 .a) and it is shown as a broad peak at the expected frequency region. However, in our composition the MoO 3 is also present, but we expect no contribution due to no excitonic effects in this material. Our UV-Visible results are in agreement with reference. 28 In addition, our results agrees well in sense of trend from visible to ultrviolet with reference. 29 We expect the band structure change to be arisen from MoO 2 From this, one can conclude that this change is not affected strongly from dislocations or impurities.
Interestingly, we observed an unusual step-like behavior below 15 s deposition time. However one can speculate that the different composition due to substrate effect at very thin layers can play important role. We believe that such behavior can be attributed to the curved shape of layer which is formed on top of rough FTO nanoparticles. This bending on layer cause lattice distortion and affects on the band structure. Our extended experiment at 5V and 7.5V (not shown here)showed no significant change on these features except the steps are going to be smeared out. Comparison of optical bandgap and electrical bandgap can give us detailed understanding from carrier correlations and charge density in various compositions. Fig. 6 exhibits scaninng tunneling spectroscopy results of two samples with 50 and 120 nm. Interestingly, we observed that by increasing the thickness band gap decreases from 3.3 eV in thinner layer to 2.8 eV in thicker layer with 540 nm thickness. According to our measurements the optical and electrical bandgaps are comparable and the difference is not significant. In addition, Fermi energy gets closer ( from 2 to 1.2 eV) to conduction band which indicates changing of semiconductor type from p to n. The origin of this behavior is in composition change as discussed in XPS results. However, proton intercalation in thinner layers can play important role and our explanation is following.
At the beginning of deposition, due to the catalytic effect of the substrate the protons penetrates and forms a bound state with Oxygen atoms to form water vapor that leaves Oxygen vacancies be-hind. This vacancies make the semiconductor p-type. After a while and increasing the distance of solution layer interface from FTO substrate, the substrate effect smears out and Oxygen evolution decrease and charge density arisen from n-type semiconductor dominated.
Conclusions
In 
Methods
DC electrodeposition was carried out to make thin layers from an electrolyte containing sodium molybdate (Na 2 Mo 2 O 4 ) (0.5 M) with disodium sulphide (Na 2 S.5H 2 O) (30gr/l) similar to Ref. 15 The pH value of the electrolyte was adjusted to 7 by adding dilute sulphuric acid. A two electrode potentiostat having Pt as anode and FTO substrate as cathode was employed for the film growth.
In a series of samples the deposition was carried on different deposition times between 7 s and 10 min. Applied DC voltage was adjusted to 2.5 V in which the current density during the deposition kept at around 2 mA/cm 2 , well below 10 mA/cm 2 in accordance with previous reports to avoid highly reduction of MoO 2+ ions. Electrodeposition was carried out at room temperature.
